Applications of solid-state NMR spectroscopy for investigating the influences of lipid-cholesterol interactions on membrane fluctuations are reviewed in this paper. Emphasis is placed on understanding the energy landscapes and fluctuations at an emergent atomistic level. Solid-state The entropic loss upon addition of cholesterol to sphingolipids is less than for glycerophospholipids and may drive the formation of lipid rafts. In addition relaxation time measurements enable one to study the molecular dynamics over a wide time-scale range. For 2 H NMR the experimental spin-lattice (R 1Z ) relaxation rates follow a theoretical square-law dependence on segmental order parameters (S CD ) due to collective slow dynamics over mesoscopic length scales. The functional dependence for the liquid-crystalline lipid membranes is indicative of viscoelastic properties as they emerge from atomistic-level interactions. A striking decrease in square-law slope upon addition of cholesterol denotes stiffening relative to the pure lipid bilayers that is diminished in the case of lanosterol. Measured equilibrium properties and relaxation rates infer opposite influences of cholesterol and detergents on collective dynamics and elasticity at an atomistic scale that potentially affects lipid raft formation in cellular membranes.
Introduction
Biomembranes display a tremendous complexity of lipids and proteins needed to perform the functions that cells require in the processes of life. Phospholipids are important components of these cell membranes and have a variety of roles; for example, the formation of lipid bilayers provides structural integrity, and gives an energy reservoir and source of second messenger precursors. Representative examples of glycerophospholipids and sterols found in cellular membranes are provided in Fig. 1 . It can be seen that the polar head groups of the phospholipids differ in their size, capacity for hydrogen-bonding, and charge, whereas the nonpolar acyl chains vary in their length and degree and position of unsaturation. For cholesterol, the polar hydroxyl group orients the molecule at the aqueous interface, and the four fused rings together with the hydrocarbon chain constitute the nonpolar core. Most strikingly, the methyl substituents are confined to the molecularly rough b-face and the opposite a-face is smooth, in arresting contrast to its metabolic precursor lanosterol (Fig. 1) . Various membrane lipids exhibit lyotropic liquid-crystalline phases under physiological conditions, involving solid-ordered (s o ), liquid-disordered (l d ), and liquid-ordered (l o ) phases. Attractive and repulsive forces for the membrane lipids entail both the polar headgroups and the non-polar moieties, and yield a substantial polymorphism with both lamellar and nonlamellar phases (Amazon and Feigenson, 2014; Brown, 1994; Feigenson, 2006 Feigenson, , 2015 Gruner, 1989; Krepkiy et al., 2009; Phillips et al., 2009; Seddon, 1990; Seddon et al., 1997; van Meer et al., 2008; Zimmerberg and Gawrisch, 2006) . Notably, the structural and dynamical properties of biomembranes are mediated by the lipid composition and interactions with the proteins, water, cholesterol, Veatch et al., 2007; Wassall and Stillwell, 2009) . For instance, raft-like domains are believed to occur in lipid systems with coexisting liquid-disordered (l d ) and liquid-ordered (l o ) phases. The l d phase in these systems typically contains highly unsaturated lipids with a low phase transition temperature, whereas the l o phase predominantly consists of saturated glycerophospholipids or sphingolipid components and cholesterol (Simons and Toomre, 2000) . Moreover, certain proteins are endowed with the ability to interact with cholesterol via a cholesterol recognition/interaction amino acid consensus (CRAC) sequence motif (Baier et al., 2011; Fantini and Barrantes, 2013; Greenwood et al., 2008) . In some cases, they include cationic clusters that allow interactions with phosphatidylinositol(4,5)bis-phosphate (PIP 2 ) in a cholesteroldependent manner. Such CRAC domains are found in the Rhodopsin (Family A) G-protein-coupled receptors (GPCRs) (Jafurulla et al., 2011) , and moreover post-translational lipid modifications (Vogel et al., 2007; Weise et al., 2013) can promote sequestration into cholesterol-rich regions or microdomains.
Improving our understanding of complex lipid mixtures is clearly an important target for research in pharmaceutical and physical chemistry, as well as in cellular biology. Various biophysical methods have been used to study lipid-cholesterol interactions, including electron spin resonance (ESR) (Cheng et al., 2014; Delmelle et al., 1980; Hubbell and McConnell, 1971; Lai and Freed, 2014; Manukovsky et al., 2013; Semer and Gelerinter, 1979; Stepien et al., 2015; Vitiello et al., 2015; Williams et al., 2013) , Raman (Lippert and Peticolas, 1971; Mendelsohn, 1972; Tantipolphan et al., 2006) , Fourier transform infrared (FT-IR) (Umemura et al., 1980) , fluorescence spectroscopy (Xu and London, 2000; Yasuda et al., 2015a) , atomic force microscopy (AFM), multidimensional NMR spectroscopy (Holland and Alam, 2006; Leftin et al., 2013 Leftin et al., , 2014b Warschawski and Devaux, 2005 ), solid-state 2 H nuclear magnetic resonance (NMR) (Bartels et al., 2008; Brown, 1990; Bunge et al., 2008; Martinez et al., 2002 Martinez et al., , 2004 Matsumori et al., 2012; Stockton et al., 1976; Vogel et al., 2016; Weisz et al., 1992; Yasuda et al., 2015a) , and neutron diffraction methods Toppozini et al., 2014) . However, a thorough understanding of the physical basis for these observations in relation to the intricate lipid compositions of many biological membranes to some extent remains an enigma (Feigenson, 2015; McConnell, 2005; Meinhardt et al., 2013; Sodt et al., 2014; Stanich et al., 2013) . Recent developments in understanding lipid-cholesterol interactions in model membrane systems are covered in this article, including implications for cellular function as seen by solid-state nuclear magnetic resonance (NMR) spectroscopy. First, we give a brief introduction to lipid systems and solid-state NMR methods, and next we explain how solid-state NMR technology is applied for obtaining membrane structural and dynamical properties. We discuss the interactions of the phospholipids with cholesterol and lanosterol in model membranes, including the role of configurational entropy in lipid raft formation. Emphasis is placed on how the average material properties emerge from the atomistic level interactions in lipid bilayers as investigated by combining NMR spectroscopy with relaxation methods Martinez et al., 2002 Martinez et al., , 2004 (Brown, 1996; Kinnun et al., 2013; Leftin and Brown, 2011; Leftin et al., 2014b) of deuterated lipid molecules offers a versatile and non-invasive method for studying molecular organization within membranes. Isotopic substitution of 2 H for 1 H constitutes a minimal structural Fig. 1 . Chemical structures of representative glycerophospholipids, cholesterol, and lanosterol: the polar head groups vary in size, hydrogen-bonding, and charge. Examples are shown for zwitterionic phosphocholine (PC) and phosphoethanolamine (PE) head groups, and for the anionic phosphoserine (PS) head group. Nonpolar acyl chains differ in length and degree of unsaturation, as illustrated by oleic acid (18:1v-9) and docosahexaenoic acid (22:6v-3). Cholesterol differs in the absence of methylation at the a-face relative to its biological precursor lanosterol.
perturbation (Seelig, 1977) and interpretation of the spectra is relatively straightforward, due to the intramolecular nature of the quadrupolar interaction that dominates the spectral shape. There are a number of reviews that give a comprehensive treatment of 2 H NMR spectral analysis (Brown, 1996; Brown and Chan, 1996; Brown et al., 2006; Kinnun et al., 2015; Leftin and Brown, 2011; Seelig, 1977; Seelig and Macdonald, 1987; Seelig and Seelig, 1980 ). An essential feature of 2 H NMR spectroscopy is that one introduces site-specific 2 H-labels, corresponding to the individual C-2 H bonds. In this way, we obtain atomistically resolved information for non-crystalline amorphous or liquid-crystalline systems. Because the coupling interactions in solid-state NMR are sensitive to orientation and/or distance, their values correspond to the average structure of the system of interest. On the other hand, molecular motions are manifested by the relaxation parameters that are also accessible in NMR spectroscopy. A unique feature is that solid-state 2 H NMR of biomolecular systems acquires both lineshape data and relaxation times for investigating the structural dynamics (Xu et al., 2014 ). Measurement of the 2 H NMR lineshapes yields knowledge of the average structure through the principal values of the coupling tensor, as well as the principal axis system. If we only determine the coupling tensors, then the method mainly provides us with structural knowledge as in X-ray crystallography. An important aspect of solid-state 2 H NMR is that information is also obtained regarding the molecular motions, encompassing a range of different time scales. Through the combined measurement of residual quadrupolar couplings (RQCs) and relaxation rates, we thereby obtain knowledge of the geometry, as well as investigate the multi-scale molecular motions and their amplitudes in the membrane systems of interest. Deuterium NMR spectroscopy gives a particularly simple illustration of the principles of magnetic resonance as applied to molecular solids, liquid crystals, and biomembranes. This is because the very large electric quadrupolar interaction dominates over the magnetic dipolar couplings of the 2 H and 1 H nuclei, as well as the 2 H chemical shifts (Brown and Chan, 1996; Xu et al., 2014) . The 2 H nucleus has a spin of I = 1, and hence there are three Zeeman energy levels due to projecting the nuclear spin angular momentum onto the magnetic field direction. The three eigenstates |mi= |0i and | AE 1i are given by the HamiltonianĤ Z for interaction of the nuclear magnetic moment with the static magnetic field. We learn in quantum mechanics that transitions between adjacent spin energy levels are allowed, which yields two single-quantum nuclear spin transitions. Moreover, the degeneracy of the allowed transitions in 2 H NMR is removed by the quadrupolar coupling.
Here the perturbing HamiltonianĤ Q is due to interaction of the quadrupole moment of the 2 H nucleus with the electric field gradient (EFG) of the C-2 H bond. It follows that for each inequivalent site two spectral branches are observed in the experimental spectrum. In solid-state 2 H NMR spectroscopy, the experimentally observed quadrupolar coupling is given by the difference in the
Q of the spectral lines due to the perturbing Hamiltonian. The result for the quadrupolar frequencies (n Q AE ) thus reads: (Rose, 1957) relating the principal axis system (PAS) of the EFG tensor (P) to the laboratory frame (L) (Brown, 1996; Leftin et al., 2014a; Xu et al., 2014) . Furthermore, it turns out that the static EFG tensor of the C-2 H bond is nearly axially symmetric (h Q % 0), which leads us to the simpler result:
The experimental quadrupolar splitting is thus given by
For liquid-crystalline membranes the motions of the constituent molecules are often cylindrically symmetric about the bilayer normal, an axis known as director. The overall rotation of the principal axis system of the coupling tensor to the laboratory frame, described by the V PL Euler angles, can thus be represented by the effect of two consecutive rotations. First, the Euler angles V PD (t) represent the (time-dependent) rotation from the principal axis frame to the director frame , and second the Euler angles V DL represent the (static) rotation from director frame to laboratory frame. Using the closure property of the rotation group (Xu et al., 2014) , and considering the cylindrical symmetry about the director, we can then expand Eq. (3), which now reads
Here b DL u is the angle of the bilayer normal to the static external magnetic field. The segmental order parameter S CD is given by
where the angular brackets denote a time/ensemble average. It follows that
where P 2 (cos b PL ) is the second-order Legendre polynomial. The above expression describes the dependence of the quadrupolar splitting on the (Euler) angles that rotate the coupling tensor from its principal axes system to the laboratory frame, as defined by the main magnetic field.
We can now introduce simplifying precepts from statistical mechanics to explain the solid-state NMR lineshapes in terms of membrane structural dynamics. For detailed explanation and applications of the statistical mean-torque theory, the interested reader is referred to the literature (Bartels et al., 2008; Kinnun et al., 2015; Leftin et al., 2013 Leftin et al., , 2014a Petrache et al., 2000) . The microscopic observables from 2 H NMR spectroscopy can then be related to the nano-or microstructure of the membrane lipid assembly. Structural quantities of interest for the lamellar state correspond to the mean interfacial area hAi, together with the average thickness D C of the bilayer hydrocarbon region, and the mean aqueous distance separating the lamellae (Brown, 1996; Jansson et al., 1992; Mallikarjunaiah et al., 2011; Nagle and Tristram-Nagle, 2000; Pastor et al., 2002; Thurmond et al., 1991) . Clearly, the area per lipid molecule plays an important role in molecular dynamics (MD) simulations of lipid membranes (Huber et al., 2002; Klauda et al., 2008a Klauda et al., ,b,c, 2010 Meinhardt et al., 2013; Pastor et al., 2002; Toppozini et al., 2014; Venable et al., 2014) . The various nanostructures are the result of a balance of forces acting at the level of the polar head groups and hydrocarbon chains (Brown, 1994; Gawrisch, 2012; Gruner, 1989; Petrache et al., 2000; Seddon, 1990; Zimmerberg and Gawrisch, 2006) . Notably, the deformation of a membrane film away from the equilibrium state is characterized by four material constants: (i) the surface tension g (which is zero for a membrane bilayer at equilibrium), (ii) the area expansion modulus K A or alternatively the lateral compressibility C A 1/K A, (iii) the bending rigidity K C , and (iv) the monolayer spontaneous H 0 curvature. The above structural quantities are fundamental to the forces governing the nano-and microstructures of assemblies of membrane lipids and amphiphiles. Representative applications of solid-state 2 H NMR spectroscopy to lipid membranes include influences of cholesterol ( Fig. 2) (Brown and Seelig, 1978; Oldfield et al., 1978; Trouard et al., 1999) as well as acyl chain polyunsaturation (Gawrisch, 2012; Huber et al., 2002 Huber et al., , 2004 Petrache et al., 2001; Salmon et al., 1987; Shaikh et al., 2015; Teague et al., 2013; Wassall and Stillwell, 2009; Wiedmann et al., 1988 H-isotope labeling involving synthetic organic chemistry (Salmon et al., 1987; Williams et al., 1985) . By introduction of dipolar-recoupling methods, it is possible to extend approaches originally developed with regard to solidstate 2 H NMR spectroscopy to other classes of biologically relevant lipids, as they occur in a membrane environment. In this regard, separated-local field (SLF) 13 C NMR spectroscopy (Cobo et al., 2012; Das and Opella, 2014; Gopinath et al., 2011; Jayanthi et al., 2010; Kharkov et al., 2012; Ramanathan, 2011, 2012; Lobo et al., 2014; Ramamoorthy et al., 2004; Reddy et al., 2014; Yamamoto et al., 2015; Zhang et al., 2015) at natural abundance expands the range of applications of solid-state NMR spectroscopy in membrane biophysics (Ferreira et al., 2013; Gawrisch et al., 2002; Gross et al., 1997; Leftin et al., 2013 Leftin et al., , 2014a . For example, sphingolipids and other natural lipids may be investigated, together with their interactions with cholesterol in raft-like lipid mixtures, as well as their interactions with membrane proteins. Additional applications of natural abundance 13 C NMR methods to polyunsaturated lipid bilayers Gawrisch et al., 2002) have been described. In these examples and others, we are interested in how the molecular properties of membrane lipids explain their biological functions within the broad context of structural biophysics (Brown, 1994 (Brown, , 2012 Lee, 2004; Phillips et al., 2009 (Ferreira et al., 2008 (Ferreira et al., , 2013 Gross et al., 1997; Leftin et al., 2013 Leftin et al., , 2014a Warschawski and Devaux, 2005) , switched-angle spinning, and off-magic-angle spinning experiments (Hong et al., 1995) . Segmental order parameters can be unambiguously determined by SLF methods, and hence it is a useful technique for lipid structural studies. In lipid systems, correspondingly the segmental order parameters are defined as
where b CH is the instantaneous angle between the 13 C-1 H bond direction and the bilayer normal. Based on geometrical considerations, the S CH order parameters for a polymethylene chain are negative. Note that here we refer to the absolute order parameters |S CH |, which are calculated from the relation
In the above formula
CH ⟩ is the dipolar coupling constant (40.783 kHz corresponding to b CH /2p = 20.392 kHz for an aliphatic 13 C-1 H bond), x P = 0.393 is the pulse sequence scaling factor (Gross et al., 1997; Leftin et al., 2014a) , and Dn D is the measured RDC evaluated at the u = 90 orientation of the lineshape (Pake powder pattern). An illustration of the results obtained for mixtures of lipids and cholesterol using the dipolar recoupling with shape and scaling preservation (DROSS) experiment is shown in Fig. 3 (Leftin et al., 2014a,b) .
Molecular distributions of lipids are revealed by solid-state deuterium NMR spectral lineshapes
The solid-state 2 H NMR spectrum for 1,2-dimyristoyl-snglycero-3-phosphocholine (DMPC-d 54 ) exemplifies applications to phospholipids that are perdeuterated throughout the chains in Data were acquired at a magnetic field strength of 11.7 T (76.8 MHz) at T = 44 C. Powder-type spectra of randomly oriented multilamellar dispersions were numerically inverted (de-Paked) to yield sub-spectra corresponding to the u = 0 orientation. Note that a distribution of residual quadrupolar couplings (RQCs) corresponds to the various C 2 H 2 and C 2 H 3 groups with a progressive increase due to cholesterol. Data are taken from Ref. (Martinez et al., 2004) . the physiologically relevant, liquid-crystalline state Martinez et al., 2002) (Fig. 2) . Because the sample consists of bilayers randomly oriented in an aqueous medium relative to the direction of the magnetic field, the spectrum is a powder-type pattern that is a superposition of signals from the lamellae at all orientations. At each angle, the signal consists of doublets from the chain methyl and methylene positions along the perdeuterated chains (Kobayashi et al., 2008) . The resultant spectrum has welldefined edges at $AE15 kHz due to a roughly constant order for the acyl methylene segments nearest to the head group of the lipid molecule. Individual peaks within the spectrum arise from less ordered methylene groups in the lower portion of the chains, and the highly disordered terminal methyl group produces the central pair of peaks (Brown, 1996) . From the distribution of RQCs, the structural parameters such as the mean area per lipid hAi and volumetric bilayer thickness D C are readily derived by a meantorque (MT) model in relation with the corresponding material constants or elastic moduli Mallikarjunaiah et al., 2011; Petrache et al., 2000) .
Bilayers containing cholesterol enable testing of theories for dynamical structures of membrane assemblies
In general lipid bilayers containing cholesterol provide an excellent model for testing theories for the configurational ordering and structural dynamics of liquid-crystalline membranes . For example, considering the data shown in Fig. 2 for the DMPC-d 54 bilayer, and its binary mixture (1:1) with cholesterol, a well-defined profile of the segmental order parameters S ðiÞ CD versus the acyl segment position (i) is obtained (Fig. 4 ). An approximate plateau occurs over the middle part of the chains, followed by a progressive decrease, which manifests the end effects within the bilayer central hydrocarbon core (Fig. 4) . In addition, due to the orientation of the glycerol backbone approximately perpendicular to the membrane surface, the sn-1 and sn-2 acyl chains are inequivalent Leftin et al., 2014b; Seelig and Seelig, 1980) . The initial chain geometry leads to smaller order parameters for the beginning of the sn-2 chain (Huber et al., 2002; Seelig, 1978) . Beyond the first few segments, the order parameters of the sn-2 chain become larger than those of the sn-1 chain (Salmon et al., 1987) . Smaller statistical fluctuations are associated with greater travel (flux) of the sn-2 chain to compensate for the initial position closer to the aqueous interface. The order profile clearly indicates that variations in the degree of acyl chain entanglement occur as a function of depth within the bilayer hydrocarbon region. As a result, it is unlikely that the phospholipids move individually within the bilayer, even in the presence of cholesterol (Brown, 1982; Trouard et al., 1992 Trouard et al., , 1999 .
The approach of using a model membrane, comprising a lipid that forms a fluid bilayer together with a lipid known to form a more ordered bilayer, as well as cholesterol in varying amounts, is probably most accessible as a mimic of biomembranes with a vast number of components (Feigenson, 2006; van Meer et al., 2008) . Interestingly, cholesterol has two different functions in model membrane systems: on the one hand, it increases the hydrophobic mismatch of the lipids at low concentrations, and thereby enhances phase separation. On the other hand, it functions as a mixing agent at high concentrations. Let us consider in greater detail the results in Fig. 4 for the DMPC-d 54 bilayer, both in the absence and presence of cholesterol. To calibrate our intuition, at this point it might be helpful for readers to consider some simple motional models as heuristic limiting cases. Referring again to Waals interactions with the rigid sterol frame. The corresponding plateau in the order profile, cf. Fig. 4 , can be understood in terms of a relatively constant probability of the acyl chain configurations, resulting from their tethering via the polar head groups to the aqueous interface, together with their travel (flux) toward the bilayer interior. For the top part of the acyl chains, the segmental order parameters approach the limiting value of S CD = À1/2 when cholesterol is present, as expected for an all-trans rotating polymethylene chain (Martinez et al., 2004) . However, there is still an approximate plateau indicating entanglement of the chain ends. Note that in the absence of cholesterol, the additional acyl disorder can arise from internal degrees of freedom of the phospholipids, e.g., due to segmental isomerizations, molecular motions, or collective thermal excitations of the bilayer. These additional degrees of freedom lead to smaller absolute S CD values for the DMPC-d 54 bilayer. Provided the disorder of the DMPC-d 54 bilayer is due mainly to rotational isomerism, then the acyl chains fall somewhere between the limiting crankshaft model with S CD = À1/3, and the classical oil-drop model for which S CD = 0. For the DMPC-d 54 bilayer, both in the presence and absence of cholesterol, the acyl chains are more disordered within the hydrocarbon core to fill in the free volume that would otherwise be present due to chain terminations, approaching the classical "oil-drop" limit only in the center of the bilayer.
Order parameter profiles of binary lipid-cholesterol mixtures of phospholipids and sphingolipids: implications for rafts in cellular membranes
In addition to glycerophospholipids, most eukaryotic cells contain sphingolipids and sterols as additional classes of lipids (30-40 mol% cholesterol and 10-20 mol% sphingomyelin). Notably, plasma membranes of animal cells are enriched in cholesterol, which is metabolically derived from lanosterol by removal of methyl groups from the a-face of the molecule, raising the question of their evolution and function in the organization of the bilayer. Despite extensive research, how the well-known ordering effect of cholesterol for sphingomyelin and other saturated glycerophospholipids leads to lateral phase segregation and microdomains remains under discussion, as the situation in vivo is far too complex to be exactly determined. Yet the structural properties and phase-transition temperatures of sphingomyelins near body temperature (37 C) suggest they may play an important role in the formation of specialized domains in membranes such as lipid rafts (Barenholz and Thompson, 1999; Konyakhina and Feigenson, 2016; Lingwood and Simons, 2010; Simons and Gerl, 2010; Yasuda et al., 2015b) .
Various studies have been reported on the comparison of order parameter profiles for sphingolipids and phospholipids, and their binary and tertiary mixtures with cholesterol (Bartels et al., 2008; Bunge et al., 2008; Leftin et al., 2014a; Morrison and Bloom, 1994; Oldfield et al., 1978; Trouard et al., 1999; Yasuda et al., 2015b) . A related study using solid-state 13 C NMR spectroscopy (Leftin et al., 2014a) has shown that the cholesterol-mediated structural perturbations are less pronounced for egg-yolk sphingomyelin (EYSM) than for POPC. In Fig. 5 the order parameter profiles derived using separated local-field (SLF) 13 C NMR spectroscopy for EYSM and POPC bilayers are shown. The influence of cholesterol for the l o phase of POPC and EYSM are clearly distinguishable. The higher order parameter values for both the lipid bilayers at various carbon positions are an arresting indication of the l o phase (Bartels et al., 2008; Brown, 2012; Bunge et al., 2008; Lai and Freed, 2014; Martinez et al., 2002 Martinez et al., , 2004 Smith and Freed, 2009; Tong et al., 2009; Warschawski and Devaux, 2005; Yun-Wei et al., 2007) , due to interaction with cholesterol (Chen and Rand, 1997; Filippov et al., 2003; Ipsen et al., 1990) . In addition, the non-equivalence of the segments of the sn-1 and sn-2 chains (Seelig and Seelig, 1980 ) is clearly reflected in the case of the POPC bilayers ( Fig. 5a and b) . Monounsaturation of the oleoyl chain at the C9 and C10 sites renders the two vinyl 13 C-1 H positions orientationally nonequivalent, both to each other and to the other saturated chain segments. The terminal methyl group of the acyl chain exhibits very small residual dipolar couplings (RDC), because of the reorientation and three-fold symmetry of the methyl 13 C-1 H bonds. The largest couplings of these sites are observed at the C3 position, which may participate in interfacial exchange-type C3-OH hydrogen bonding, and/or C3-OH acceptor and NH donor hydrogen bonding. The large value is suggestive of a glycerol backbone conformation that is stabilized through lipid packing assisted by hydrogen-bonding in the l d phase.
Most striking, upon addition of 50 wt% cholesterol, the increment in segmental order parameters is D|S CH | %0.25 for POPC and %0.12 for EYSM, as indicated in Fig. 5 (comparisons are for the maximum absolute |S CH | values due to plateau region of the |S CD | profiles). Correspondingly, the increment in the hydrocarbon thickness and condensation of area per lipid for EYSM is lower than for POPC. Such a remarkable difference indicates that EYSM is in a relatively ordered state in the single-component membrane. The higher acyl segmental order parameters in single-component bilayers at a given temperature, for EYSM relative to POPC, indicates the high propensity of self-association for the C (Martinez et al., 2002) . Filled and open symbols refer to inequivalent sn-1 and sn-2 acyl chains, respectively. Reference order parameters are indicated for limiting cases of an oil drop model with S CD = 0, a crankshaft model having S CD = À1/3, and an all-trans rotating chain with S CD = -1/2. Data are taken from Ref. (Trouard et al., 1999) .
hydrophobic moieties of sphingomyelin lipids (Lingwood and Simons, 2010; Simons and Gerl, 2010) .
Several studies on phase diagrams of binary and ternary lipid mixtures with cholesterol have been reported (Chiang et al., 2004; Feigenson, 2006; Huang and Feigenson, 1993; James et al., 2014; Konyakhina and Feigenson, 2016; McConnell, 2005; Veatch and Keller, 2003 H NMR data using a first-order mean-torque model (Bartels et al., 2008; Petrache et al., 2000) has uncovered interesting insights into the effect of cholesterol on the lateral organization of lipid-cholesterol mixtures. As described by Bartels et al. (2008) , the addition of cholesterol initially drives the phase separation (l d to s o ) by inducing greater lateral order in sphingomyelin than in POPC lipids (Fig. 6) . However, at 20 mol% cholesterol, discrete components due to POPC-d 31 and PSM-d 31 phase separations were observed. At physiological temperature the lipids in the ternary mixture (1:1 PSM/POPC with 20 mol% cholesterol) showed distinct structural parameters (bilayer thickness and area per limit). Structural parameters of POPC are highly temperature dependent, whereas sphingomyelin shows resistance to thermally-driven structural deformation and stronger affinity of cholesterol that can drive the formation of membrane domains. In mixtures with high amounts of cholesterol (33 mol%), saturation of the ordering effect for PSM seems to facilitate ideal mixing of the components, and hence similar results are observed. These observations naturally bring the intuition that the phase separation is mostly driven by hydrophobic mismatch of the acyl chains of the various lipids, e.g. it is normally assumed that the thickness difference is induced by unequal sterol partitioning into the two phases.
Notably, these observations suggest that upon adding cholesterol, the entropic loss is less pronounced for EYSM than for POPC, as discussed by Leftin et al. (2014a) . Mixing of cholesterol is more favorable for sphingolipids compared to phosphatidylcholines, potentially driving the formation of lipid rafts in multi-component biomembranes (Ohvo-Rekilä et al., 2002; Ramstedt and Slotte, 2006) . That is to say, like dissolves like-as we learn in our introductory chemistry courses!
Nuclear spin relaxation reveals multiscale dynamics of membrane lipids
An important further aspect is that analysis of the nuclear spin relaxation rates yields experimental information about the molecular dynamics that is unobtainable with other biophysical methods (Brown, 1996) . The possible types of motions that occur in lyotropic liquid crystals are: (i) segmental motions due to rotational isomerizations of the flexible surfactant or lipid molecules; (ii) slower effective rotations of the entangled molecules; and (iii) collective deformations of the bilayer which span a broad range, and can influence interactions involving the assembly Leftin and Brown, 2011; Leftin et al., 2014b; Martinez et al., 2002 Martinez et al., , 2004 . At the high frequencies, bond stretching and bending vibrations are most likely too fast to influence significantly the nuclear spin relaxation, but rather lead to a pre-averaging of the coupling tensor (Brown, 1984b; Brown et al., 2002) . Identifying the predominant contributions within the various motional regimes, and characterizing their energetic parameters, would reveal atomistic interactions leading to bulk material properties based on current NMR technology (Leftin et al., 2014b) . For liquid-crystalline membranes, elastic deformations (modeled as splay, twist, and bend) within the hydrocarbon core are interpreted as collective lipid dynamics on the order of membrane dimensions . It follows that NMR relaxation studies of lipid membranes in the l o and l d phases can strongly benefit our understanding of the atomistic lipid- (Bartels et al., 2008) . . cholesterol interactions, leading to changes in bulk membrane physical properties, with striking biological consequences.
The process of NMR relaxation is due to fluctuations of the coupling Hamiltonian, on account of the various possible motions of the lipid molecules within the bilayer. According to timedependent perturbation theory, these fluctuations give rise to transitions between the various adjacent energy levels (Xu et al., 2014) . Now in 2 H NMR relaxometry of liquid-crystalline membrane lipids, one is often interested in the spin-lattice (R 1Z ) relaxation rates. Experimental R 1Z relaxation rate measurements involve perturbation of the magnetization away from the equilibrium value, and then following the attainment of equilibrium by observing the magnetization recovery as a function of time. The observable relaxation rates are related to the spectral densities of motion in the laboratory frame by:
In the above expressions, R 1Z is the spin-lattice ( 
Generalized model-free aspects of the nuclear spin relaxation of membrane lipid bilayers
Here we give a brief introduction to model-free interpretation of the relaxation rates for the benefit of general readers, while dealing with actual lipid relaxation data. For a more complete description of generalized model-free (GMF) analysis, readers are referred to the review by Xu et al. (2014) . Contributions to the nuclear spin relaxation from motions with different characteristic mean-squared amplitudes and timescales are possible in terms of a hierarchical energy landscape (Brown, 1982) . They include: (i) the static coupling tensor that is modulated by rapid local segmental motions, such as trans-gauche isomerizations of the hydrocarbon chains of the lipid or surfactant molecules; and (ii) the residual coupling tensor (left-over from the fast motions) that is further modulated by slower motions. The slower motions in principle might include whole molecular motions of the flexible phospholipids, or alternatively collective thermal excitations involving various lipid molecules (Klauda et al., 2006 (Klauda et al., , 2008a . Clearly the segmental order parameters depend only on the amplitudes of the C-2 H bond fluctuations. On the other hand, the relaxation rates depend on both the orientational amplitudes and the rates of the C-2 H bond fluctuations. According to the GMF approach of relaxation rate analysis (Brown, 1984a,b; Xu et al., 2014) , a simple square-law functional dependence of the R 1Z rates on the S CD order parameters along the chain would result (Fig. 7) . In the limit of short-wavelength excitations, on the order of the bilayer thickness and less, the spectral density reads (Nevzorov and Brown, 1997) :
Here v is the angular frequency, D is the viscoelastic constant, d is the dimensionality, and D (2) indicates the second-rank Wigner rotation matrix (Rose, 1957) . The irreducible spectral densities J m (v) depend on the square of the observed S CD order parameters, and the slope of the square-law plot is inversely related to the softness of the membrane. For 3D quasielastic fluctuations, the viscoelastic constant is given by
s where a single elastic constant K is assumed, in which h is the corresponding viscosity coefficient, S s is the order parameter for the relatively slow motions, and other symbols have their usual meanings. No distinction is made between splay, twist, and bend deformations. In addition to the bending modulus K C the compression modulus K B may come into play (Nagle and Tristram-Nagle, 2000) .
Effect of sterols on membrane elasticity at the atomistic level
In the example presented here, a solid-state 2 H NMR relaxation study of the effect of cholesterol on lipid bilayers shows a squarelaw functional dependence of the R 1Z rates versus the order parameters S CD along the entire acyl chain for the multilamellar dispersions of DMPC-d 54 /cholesterol bilayers (Fig. 7) (Martinez et al., 2002) . This dependence on the motional amplitudes signifies relatively slow bilayer motions that modulate the residual coupling tensors left over from faster segmental motions (Fermi's golden rule). Given a simple composite membrane deformation model Nevzorov et al., 1998) , the R 1Z rates are due to a broad spectrum of 3D collective bilayer excitations, with effective rotations of the lipids. Transverse 2 H NMR spin relaxation studies also provide evidence for 2D collective motions of the membrane film, albeit at lower frequencies (Althoff et al., 2002a,b; Molugu et al., 2012 Molugu et al., , 2013 . By contrast, local trans-gauche isomerizations along the chains modulate the same static NMR coupling tensor, and do not yield such a square-law. With regard to splay deformations, the socalled bending rigidity is k % Kt, where t = 2D C is the bilayer thickness, giving a k À3/2 dependence of the R 1Z rates ). Moreover, 3D director fluctuations
frequency dispersion as a characteristic signature (Brown, 1982; Brown et al., 1983) . In this case, the reduction in the square-law slope, cf. Fig. 7 , reflects an increase in k and/or S s due to short-range cholesterol-phospholipid interactions. One should also note that at the molecular level, a dynamical protrusion of cholesterol across the midplane, i.e. between the apposed monolayers, may occur as suggested by quasielastic neutron scattering (QENS) studies (Endress et al., 2002b; Kaye et al., 2011) . Indeed the square-law functional dependence as first discussed (Brown, 1982) is a modelfree correlation among the experimental observables, and it does not rest on any specific interpretation (Fig. 7) . For the longitudinal relaxation rates of liquid-crystalline lipid membranes, the above analysis is expected to be generally applicable. Influences of cholesterol on the physical properties of DMPC bilayers have been compared to its metabolic precursor lanosterol in a related study (Martinez et al., 2004) (Fig. 8) . Notably, cholesterol is a two-faced molecule-the a-phase is smooth and the b-face is molecularly rough due to the methyl substituents. On the other hand, lanosterol is methylated on both the a-face and the b-face (Fig. 1) , and it presents a more balanced countenance to the phospholipids (Rog et al., 2007) . In terms of biomolecular NMR spectroscopy, it has been observed that the slope of square-law plot is greater for lanosterol than for cholesterol, consistent with the bilayer stiffness being less for lanosterol versus its metabolic product cholesterol (Martinez et al., 2004; Orädd et al., 2009; Shahedi et al., 2006) . Again, it is found that the site-specific analysis of the solid-state NMR results based on atomistic observables matches the results for the macroscopic bilayer elasticity (Endress et al., 2002a, b) (Fig. 9) . The more molecularly smooth van der Waals surface of the a-face of cholesterol (Bloch, 1983; Filippov et al., 2003; Lai and Freed, 2014; Yeagle et al., 1977) enables a large increase in bilayer rigidity, and stabilizes the liquidordered phase to an even greater degree than lanosterol. The progressive increase in the bilayer rigidity on going from lanosterol to cholesterol parallels the metabolic pathway of sterol biogenesis (Brief et al., 2009; Cheng et al., 1986; Henriksen et al., 2006; Hsueh et al., 2005; Ling et al., 2002; Yeagle, 1985; Yeagle et al., 1990) , and may be related to the optimization or evolution of the biophysical properties of cholesterol.
Conclusions
Solid-state NMR methods uniquely probe the biophysical properties of lipid membranes and provide information complementary to other spectroscopic methods. Current NMR technology provides knowledge of membrane properties that cannot be obtained with other existing biophysical methods. Interestingly, owing to their physiological liquid-crystalline nature, membrane elastic deformations together with their multi-scale molecular dynamics clearly fall in the solid-state 2 H NMR time and length scales. The membrane stiffening effect upon addition of sterols has been investigated at an atomistically resolved level, showing a direct correspondence with bulk elasticity. Phase separation in bilayers of ternary lipid mixtures occurs mainly due to dissimilar affinities for different cholesterol concentrations. It is likely that configurational entropy plays a major role in the formation of the lipid domains called rafts (Leftin et al., 2014a) . It has also been shown in model membranes (Ackerman and Feigenson, 2015; Huang and Feigenson, 1993; Konyakhina and Feigenson, 2016) that formation of such domains entails Gibbs free energies that are lower than those for protein-lipid interactions, which therefore may indicate a role for proteins in domain formation. Further detailed information regarding protein-lipid interactions can contribute to understanding the lateral organization of cellular plasma membranes, and how lipid rafts may be implicated in their functional mechanisms. Moreover, nuclear spin-lattice relaxation studies of fluid lipid bilayers manifest their quasi-elastic deformation on short length and time scales, on the order of the membrane thickness and less. Interpretation of the atom-specific NMR relaxation data is in broad agreement with molecular dynamics (MD) simulations of flexible surfactant films and lipid membranes (Hofsäß et al., 2003; Klauda et al., 2006 Klauda et al., , 2008a Pastor et al., 2002; Sodt et al., 2014) . Molecular simulations (Hofsäß et al., 2003) show that local trans-gauche isomerizations are accompanied by concerted isomerizations about multiple bonds in the assembly of lipid acyl chains. The continuum model for NMR relaxation approximates the collective excitations in mathematical closed form, whereby the influences of cholesterol and the membrane thickness correspond to the bilayer bending energy. In this regard, a possible future direction is to compare the MAS-derived membrane structural parameters to those of oriented lipid bilayers to investigate the effects of curvature. Another interesting future aspect entails the study of lipid domains. Cholesterol-induced mixed l o and l d phases have been successfully observed simultaneously using 2 H solid-state NMR spectroscopy (Yasuda et al., 2015a,b) of site specifically deuterated N-stearoylsphingomyelin (SSM) with ternary mixtures of dioleoyl-sn-glycero-3phosphocho-line (DOPC) and cholesterol. The possibility of using separated local-field (SLF) methods for natural-abundance binary lipid mixture samples to inform such cholesterol-mediated phase separation remains to be explored (Ferreira et al., 2013; Leftin et al., 2013) . Currently solid-state 2 H NMR spectroscopy uses selectively deuterated lipid samples to obtain such information.
Investigations of NMR relaxation-derived viscoelastic properties of the mixed phases in selectively deuterated samples are particularly interesting in the context of this review article. A key remaining question is how the bilayer softness as studied with NMR relaxation may be significant to lipid-protein interactions in fluid membranes (Brown, 2012; Huster, 2014; Penk et al., 2011; Scheidt and Huster, 2009) , where elastic curvature deformation may play an important role.
